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pH	 is	 the	most	 important.	 This	 potentially	 limits	 the	 diversity	 of	 environments	 in	
which	the	growth	of	biomorphs	could	have	occurred	on	Early	Earth.	Given	the	vari-
ety	of	the	observed	biomorph	morphologies,	our	results	show	that	the	morphology	




along the direction of diffusion.
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1  | INTRODUC TION
The search for biosignatures in the Early Archean geological record 
is	challenging,	as	most	sedimentary	formations	from	this	time	inter-
val	have	been	exposed	to	hydrothermal	fluids,	and	have	undergone	
at	 least	 prehnite–pumpellyite	 facies	 to	 lower	 greenschist	 facies	
metamorphism.
Under	 these	 high	 temperature	 and	 high	 pressure	 conditions,	
rocks	 have	 recrystallized	 and	 organic	 matter	 has	 undergone	 car-
bonization.	 Therefore,	 any	 original	 organic	 remnant	 of	 microbial	
life	preserved	within	them	has	been	chemically	altered	and	has	po-
tentially	been	deformed.	Moreover,	 there	are	many	non-	biological	
precipitation/crystallization	 phenomena	 leading	 to	 morphologies	
resembling	 primitive	 fossilized	micro-	organisms.	 Examples	 are	 ex-
foliated	 micas	 (Wacey,	 Saunders,	 Kong,	 Brasier,	 &	 Brasier,	 2015),	
dispersed	hematite	crystals	(Marshall,	Emry,	&	Marshall,	2011;	Pinti,	
Mineau,	&	Clement,	2009),	and	migrated	hydrocarbons	(either	bio-
genic	 or	 abiogenic)	 that	 filled	 the	 pore	 space	 between	 botryoidal	
quartz	 grains	 (Brasier	 et	al.,	 2005).	 Most	 intriguing,	 however,	 are	










subsequent	 thermal	 alteration	during	metamorphism	would	 trans-
form them into carbonaceous microstructures that truly resemble 
actual	microfossils	(García-	Ruiz,	Carnerup,	Christy,	Welham,	&	Hyde,	
2002;	Garcia-	Ruiz	et	al.,	2003;	Opel,	Wimmer,	Kellermeier,	&	Cölfen,	





During	 hydrothermal	 serpentinization	 of	 seafloor	 ultramafic	
rocks,	 the	pH	of	emanating	 fluids	 is	 largely	controlled	by	 tempera-
ture.	Above	250°C,	these	fluids	are	slightly	acidic	(pH	<	5),	but	with	
decreasing	 reaction	 temperature,	 the	 fluids	 become	 increasingly	
alkaline,	 reaching	a	pH	of	11	at	50°C	 (Macleod,	McKeown,	Hall,	&	




average	 geothermal	 gradient,	 and	 the	 extent	 of	 infiltration	 of	 sea-
water	 cooling	 the	 crust.	 As	 a	 consequence,	 although	 the	 Archean	
geothermal	 gradient	 is	 believed	 to	 be	 higher	 than	 today	 (Arndt	 &	
Nisbet,	2012),	fluids	that	altered	ultramafic	rocks	may	have	displayed	
a	wide	range	of	temperatures	and	pH	values.	Alkaline	hydrothermal	
serpentinization	 of	 ultramafic	 crust—which	 is	 observed	 at	 modern	
low-	temperature	(<250°C)	vent	sites	such	as	“Lost	City”	in	the	Atlantic	
Ocean	(Lang,	Butterfield,	Schulte,	Kelley,	&	Lilley,	2010;	Proskurowski	
et	al.,	 2008)—likely	 was	 an	 important	 process	 in	 aquatic	 environ-
ments	 of	 Hadean	 and	 Early	 Archean	 age	 (Russell,	 Hall,	 &	 Martin,	
2010;	Shibuya,	Komiya,	Nakamura,	Takai,	&	Maruyama,	2010),	when	











Lowe,	 Zentner,	 &	 Fischer,	 2014;	 Van	 den	 Boorn	 et	al.,	 2007).	 In	
some	 cases,	 such	 as	 in	 the	 Marble	 Bar	 chert,	 Pilbara,	 Western	
Australia,	soft	deformation	and	remobilization	features	show	that	
the	chert	precursor,	at	least	at	some	point	of	its	history,	was	a	high-	
viscosity	 gel-	like	 material	 (McLoughlin,	 Wilson,	 &	 Brasier,	 2008;	
Van	Kranendonk,	2006).	Debris	from	micro-	organisms	living	in	the	
upper	 water	 column	would	 settle	 down	 on	 the	 ocean	 floor,	 and	
thus	become	effectively	entombed	by	silica	gel.	Upon	burial,	these	
amorphous	silica	deposits	(opal-	A)	would	transform	to	cherts	con-
sisting of microcrystalline quartz in which microfossil assemblages 
could	have	been	preserved.	In	addition	to	these	clear	sedimentary	
cherts,	 there	 is	ubiquitous	evidence	for	hydrothermal	cherts	 that	





Barite	 veins	 are	 often	 found	 associated	with	 these	 hydrothermal	
cherts	 (Nijman	 et	al.,	 1998;	 Van	Kranendonk,	Hickman,	Williams,	












ceous	microfossils	 in	Archean	 chert	 veins.	 Finally,	 chert	 deposits	
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Saltiel,	 Manga,	 Nguyen,	 &	 Gonnermann,	 2016;	 Ruff	 &	 Farmer,	
2016).	Recently,	it	was	shown	that	such	silica	sinters	with	remnant	
microbial	 biosignatures	 (stromatolites,	 microbial	 palisade	 struc-
tures,	gas	bubbles)	occurred	already	as	early	as	3.5	Ga	ago	(Djokic,	
Van	Kranendonk,	Campbell,	Walter,	&	Ward,	2017).
Overall,	 alkaline	 and	 silica-	rich	 conditions	 (predominantly	
subaqueous	 but	 also	 subaerial)	 were	 probably	 frequent	 in	
serpentinization-	dominated	 environments	 during	 the	 Hadean	 and	
Early	Archean,	forming	likely	settings	where	life	appeared	and	evolved	
(Damer,	2016;	Djokic	et	al.,	2017;	Holm,	1992;	Holm	&	Andersson,	




mosphere	has	been	 interpreted	to	be	higher	 than	today’s	 (Kasting,	
2014;	Walker,	1985;	Wolf	&	Toon,	2014),	leading	to	significant	con-
centrations	of	dissolved	carbonate	species	in	Archean	seawater	and	
mild acidification of the seawater. Three main mechanisms can then 
be	 invoked	 for	 the	 formation	of	biomorphs	 in	 the	Archean:	 (i)	The	
diffusion	of	calcium-	rich	seawater	into	gelified	silica	deposits	would	
result	in	the	formation	of	monohydrocalcite	or	aragonite	biomorphs,	








cient microfossils should be carefully assessed.
García-	Ruiz,	Melero-	García,	 and	Hyde	 (2009)	 have	proposed	 a	
morphogenetic	 model	 describing	 the	 growth	 of	 silica–carbonate	
biomorphs.	These	structures	can	be	formed	with	barium	carbonate	
(witherite,	which	 is	 the	 best	 studied	 variety),	 strontium	 carbonate	







causes	a	 local	decrease	 in	pH	that	 triggers	silica	polymerization	 in	
the	direct	vicinity	of	the	carbonate	nucleii.	Growth	of	the	carbonate	






Upon	 sustained	 fractal	 growth,	 the	 amount	 of	 silica	 coating	
the witherite crystals becomes eventually high enough to inter-








metrical feature which has been referred to as orientation order-
ing	(García-	Ruiz	et	al.,	2002).	This	generates	an	overall	continuous	




alkaline	 silica-	rich	 solutions	 and	 in	 alkaline	 silica	 gels,	 representing	
potential	 precursors	 for	 Archean	 cherts.	 For	 experiments	 realized	
in	alkaline	silica-	enriched	starting	solutions,	a	 systematic	overview	
is	 presented	 on	 the	 variation	 in	 morphology—defined	 as	 a	 “mor-
phogram”—of	 witherite-	silica	 biomorphs	 that	 form	 at	 the	 surface	
(water–air	 interface),	 over	 a	 range	of	 pH	values	 and	barium	cation	
concentrations.	To	quantify	 the	size	distribution	of	biomorphs,	au-
tomated	measurements	 in	 optical	 images	were	 also	 performed.	 In	
solution,	biomorphs	tend	to	aggregate,	lowering	the	quality	of	these	
measurements.	To	avoid	this	problem,	the	size	distribution	was	pref-
erentially	 studied	 for	 biomorphs	 that	 were	 grown	 in	 silica	 gel.	 In	


















waiting time for nucleation T	(s)	decreases	with	the	saturation	index	
σ	of	 the	mineral	 (without	dimension)	as	shown	by	Equation	1.	The	
constants A	 (s)	and	B	 (without	dimension)	are	positive,	and	for	the	
case	of	witherite,	σ	 is	 defined	 as	 (Ba2+)(CO3
2−)/Ks,	where	Ks is the 
solubility constant of witherite: 
The	 saturation	 index	 of	 witherite	 for	 each	 individual	 start-
ing	 solution	was	 computed	 using	VisualMinteQ	 (version	 3.1)	 sim-
ulations.	 The	 partial	 pressure	 of	CO2	was	 fixed	 at	 3.8	×	10
−4	bar,	
(1)T=A∗exp (B∕σ2)
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representing	ambient	atmospheric	level.	Separate	simulations	were	
made	for	each	 individual	 initial	barium	concentration	 ([Ba])	 in	our	







2.2.1 | Synthesis of biomorphs in solution
A	15	mmol/L	silica	solution	was	prepared	by	diluting	1	ml	of	com-


















2.2.2 | Synthesis of biomorphs in a silica gel





Bailón,	 and	 García-	Ruiz	 (2009).	 Under	 these	 conditions,	 large	
biomorphs	appear	 in	a	few	days	in	the	gel.	This	protocol	was	used	






















giving	 information	about	 the	area	or	 the	 shape	of	 the	particles.	All	
data	obtained	this	way,	in	every	picture,	for	every	initial	condition	and	
time	step,	were	stored	 in	a	five-	dimension	matrix	 (using	Matlab ver-
sion	 R2009b—MATLAB	 and	 Statistics	 Toolbox	 Release	 2012b;	 The	
MathWorks,	Inc.,	Natick,	MA,	USA)	for	further	use.
After	the	first	results	had	been	obtained,	specific	conditions	of	
synthesis	 representing	 different	 regimes	 were	 studied	 again	 with	
the	same	protocol	in	10	ml	petri	dishes.	At	different	time	intervals,	
a fraction of the structures observed floating at the surface was re-
trieved,	rinsed	(successively	in	0.01	mol/L	NaOH	and	milli-	Q	water),	
placed	 on	 conductive	 tape,	 and	 gold-	coated	 to	 be	 observed	with	






Pictures	 of	 biomorphs	 grown	 in	 gel	were	 acquired	 2	weeks	 after	
the	onset	of	the	experiment	using	a	direct	petrographic	microscope	





ulterior	 picture	 treatment.	 For	 comparison	 with	 biological	 data,	
a	 culture	 of	 cyanobacteria	(Synechocystis sp.)	 from	 the	 Pasteur	
Cyanobacteria	 Collection	 (PCC6803)	 was	 grown	 with	 standard	
BG-	11	media	to	stationary	growth	phase.	It	was	subsequently	im-
aged	with	an	Olympus	BX-	51	microscope	under	100×	 (oil)	 objec-
tive with contrast enhanced using differential interference contrast 
(DIC)	optics.	For	studies	on	sizes,	pictures	were	treated	in	the	same	
way	 as	 presented	 before	 with	 iMageJ.	When	 particles	 tended	 to	
connect,	 they	were	separated	automatically	with	a	watershed	al-
gorithm	 (Beucher	 &	 Lantuejoul,	 1979)	 which	 detects	 boundaries	
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Using	 numerical	 simulations	 described	 in	 paragraph	 3.1,	 for	 each	
starting	solution,	the	saturation	index	σ of witherite was calculated. 











the	 individual	 starting	 conditions	 shown	 in	Figure	1.	Within	 a	 few	
minutes	 to	 a	 few	 hours	 (depending	 on	 the	 initial	 conditions—see	
Table	1)	after	reagents	had	been	mixed,	biomorphs	were	observed	
at	the	water–air	interface.	In	accordance	with	Equation	1,	Figure	1a	
and	 Table	1,	 particles	 tend	 to	 appear	 earlier	 at	 higher	 initial	 [Ba]	
F IGURE  1  (a)	Colormap	showing	the	saturation	index	of	witherite	for	the	different	initial	settings	of	our	solution	experiments.	(b)	
Evolution	of	the	pH	in	the	synthesis	medium	during	the	reaction	for	different	initial	pH	values.	(c)	Relative	area	covered	by	biomorphs	in	
pictures	after	26	hr	depending	on	the	initial	pH	and	for	different	initial	[Ba]	[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]
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and	 higher	 initial	 pH	 (higher	 saturation	 indexes).	 The	 precipitates	
also	developed	on	the	plastic	walls,	at	depths	increasing	with	time,	
and eventually reached the bottom of the wells. This is due to the 
progressive	 diffusion	 of	 atmospheric	 CO2(g)	 from	 top	 to	 bottom,	
causing	an	increase	in	the	saturation	index	of	witherite.	Due	to	the	
continuous diffusion of CO2(g)	 into	 the	 reaction	medium,	 the	 pH	
value	drops	 consistently	 after	 the	 start	 of	 the	 experiment,	 under-
going	an	exponential	decrease	and	reaching	neutral	values	in	a	few	
tens	of	hours	(Figure	1b).	Our	results	also	illustrate	that	owing	to	the	
increased rate of CO2	uptake	at	higher	pH	values,	the	pH	decreases	






measured rate is two to three times higher. This can be ascribed to 




in	 relative	 area,	%),	 as	 a	 function	 of	 initial	 pH	 and	 starting	 [Ba]	 is	




controlled by carbonate availability and not by barium availability.
3.1.3 | Gel experiments
Within	 a	 carbonate-	rich	 silica	 gel,	 the	 precipitation	 of	 biomorphic	
witherite is caused by the diffusion of barium through the medium. 
The	barium	concentration,	and	therefore	also	the	saturation	 index	
σ	 of	witherite,	 decreases	 spatially	 away	 from	 the	diffusion	 source	
(Melero-	García	 et	al.,	 2009).	 Pictures	 taken	 at	 equal	 times	 and	 at	





9.33 9.43 9.53 9.63 9.73 9.83 9.93 10.03 10.13 10.23
1.25	mmol/L Nf Nf Nf Nf Nf Nf Nf 23 23 23
2.5	mmol/L Nf Nf Nf Nf Nf 6 6 8 8 23
5	mmol/L Nf Nf 6 4 4 2 3 5 4 4
10 mmol/L Nf Nf 4 2 2 2 2 2 3 3
20 mmol/L Nf Nf 3 1.5 1.5 1.5 2 1.5 2 0.5
40	mmol/L Nf Nf 1.5 1.5 1.5 0.5 0.5 1.5 1.5 1.5
10.33 10.43 10.53 10.63 10.73 10.83 10.93 11.03 11.13 11.23 11.33
1.25	mmol/L 23 23 23 3 3 3 3 3 0.5 0.5 0.5
2.5	mmol/L 4 4 3 1.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
5	mmol/L 3 3 3 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
10 mmol/L 3 3 3 3 1.5 0.5 0.5 0.5 0.5 0.5 0.5
20 mmol/L 1.5 3 3 2 2 0.5 0.5 0.5 0.5 0.5 0.5










the	 biomorphs	 tend	 to	 grow	 on	 interfaces	 (air–water	 interface,	


















(Figure	3c),	 and	 finally	 connect	 to	 form	 a	 smooth	 overall	 fern-	like	








sheets	 (no	 curl,	 growth	occurs	 at	 a	 similar	 rate	 in	 every	direction,	
Figure	4a),	leaf-	shaped	biomorphs	(due	to	an	encounter	of	two	curls	
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The transition from fractal growth to curvilinear growth can be 
easily	 observed	 in	 some	 structures,	with	 a	 core	 of	 fractal	 growth	
aggregates,	 surrounded	 by	 radially	 expanding	 sheets	 which	 were	
formed	by	curvilinear	growth	(Figure	5a,b).	Instead	of	twisting,	the	





shapes	 (Figure	5j,k)	 can	emerge	 from	 the	 fractal	 aggregates.	Their	
formation	process	is	not	well	understood	yet.













at	 the	 interface	 to	more	alkaline	and	carbonate-	rich	at	 the	end	of	
the	gel.	As	a	consequence,	 in	 the	gels	prepared	for	 this	study,	 the	
shape	of	biomorphs	changes	along	the	diffusion	direction	(Figure	2).	
Close	 to	 the	 diffusion	 source,	 the	 low	 pH	 values	 lead	 to	 the	 ap-





longer helicoids observable at increasing distances from the diffu-
sion	source	(see	also	figure	9	in	Melero-	García	et	al.,	2009).








(black),	 fractal	 growth	 regime	 of	 biomorphs	 (blue),	 and	 curvilinear	
growth	 regime	of	 biomorphs	 (green)	 are	 shown.	 In	 case	 of	 a	 time	
evolution,	an	overlay	of	a	smaller	rectangle	indicates	the	secondary	







1.25	 to	 5	mmol/L,	 the	 minimum	 pH	 at	 which	 biomorphic	 growth	






     |  287ROUILLARD et AL.
the	range	of	pH	conditions	for	which	the	synthesis	of	biomorphs	is	
possible	 in	 these	experiments.	 In	many	biomorph	synthesis	proto-
cols,	a	[Ba]	of	5	mmol/L	is	used	(Kellermeier,	Glaab,	Melero-	García,	
&	García-	Ruiz,	2013;	Voinescu	et	al.,	2007).	We	therefore	first	de-
scribe	 the	 biomorphs	 that	 form	 at	 [Ba]	=	5	mmol/L	 and	 variable	
starting	pH	values.
At	[Ba]	=	5	mmol/L	and	starting	pH	=	9.5,	fractal	growth-	related	
biomorphs	 (dendritic,	 fern-	like,	 and	 framboidal	 shapes)	 grow	 for	
about	1	day	 in	 the	medium,	 reaching	 sizes	up	 to	 several	hundreds	
of μm	 (Figure	6).	 When	 the	 starting	 pH	 is	 increased,	 between	
pH	=	10.0–10.7,	 this	 fractal	growth	shifts	very	quickly	 (after	a	 few	
tens	 of	minutes)	 to	 a	 curvilinear	 growth	 regime.	 Intricate	 agglom-
erates	created	by	 involute	sheets	appear.	After	a	 few	hours,	open	
sheets	 emerge	 from	 these	 aggregates,	 leading	 to	 diverse	 leaf-	like	














288  |     ROUILLARD et AL.








growth	 of	 a	 small	 number	 of	 large	 biomorphs,	 2)	An	 intermediate	















(see	 the	gray	area	 in	Figure	7).	They	are	 found	 for	pH	=	10.1–11.3	
(upper	 limit	 of	 our	 study)	 for	 [Ba]	 above	 20	mmol/L.	 Overall,	 the	
higher	the	concentration	of	barium,	the	larger	the	extension	of	the	
curvilinear growth regime.
After	 a	 few	 days,	 in	 most	 experiments,	 prism-	 and	 needle-	like	
witherite	crystals	start	covering	the	surfaces	of	previously	formed	bio-
morph	shapes	(e.g.,	Figure	5d;	Kellermeier,	Melero-	García	et	al.,	2012).
3.4 | Size distribution of biomorphs
In	the	case	of	solution	growth,	due	to	the	physical	effect	of	the	me-
niscus	in	the	well,	biomorphs	tend	to	aggregate	in	the	center	of	the	
well,	making	 the	 accurate	 size	 distribution	 analysis	 a	 difficult	 task.	
As	 a	 consequence,	 the	 size	 distribution	 analyses	 were	 realized	 in	
gel	growth	experiments.	In	these	experiments,	the	slow	diffusion	of	
the	barium	solution	 leads	 to	 the	 formation	of	 larger	biomorphs	 (up	
to	3–4	mm)	 than	 the	ones	obtained	 in	 solution	 (up	 to	~200	μm for 
the	 same	 curvilinear	 growth	 regime).	As	 discussed	previously	 (sec-
tion	 4.1),	 the	 pH,	 [Ba2+]	 and	 nucleation	 index	 change	 both	 in	 time	
















rectangles indicate the transition to the 









the	growth	conditions	are	assumed	 to	be	similar,	meaning	 that	 the	
differences	in	saturation	index,	pH	or	Ba/CO3 are not large enough 
to	affect	the	growth.	The	obtained	size	distribution	(Figure	8a)	is	uni-
modal,	which	is	expected	for	a	uniform	growth	process,	and	is	close	
to	a	normal	distribution,	with	an	average	size	of	21	μm and a stand-
ard deviation of 8 μm.	The	average,	standard	deviation,	and	average/





2−] diffusion on biomorph 






shapes.	 It	 is	 thus	expected	that	biomorphs	corresponding	to	more	
acidic	 domains	 will	 start	 growing	 later	 than	 those	 corresponding	
to	 more	 alkaline	 domains.	 This	 coexistence	 of	 different	 domain-	
corresponding	 biomorphs	 is	 indeed	 observed	 in	 our	 experiments	
(Figure	9a,b).	 For	 the	 lowest	 initial	 pH	values	of	 the	domain	2,	 in-
voluted	sheets	appear	first	(arrows	noted	1	in	Figure	9),	associated	
after	3–4	hr	to	flat	sheets	 (arrow	noted	2	 in	Figure	9).	After	1	day,	




growth	process.	Similarly,	 in	the	whole	range	of	domain	3,	 the	 ini-
tial	development	of	small	framboidal	biomorphs	 is	followed	by	the	





















range	 in	 initial	pH’s	of	domain	3,	 the	conditions	related	to	domain	
2	will	 be	 reached	while	 the	 saturation	 index	of	witherite	 is	 above	
the	limit	to	nucleate	biomorphs	corresponding	to	domain	2.	For	so-






can	 all	 be	 related	 to	 crossing	 by	 the	 solution	 of	 various	 growth-	
controlling	pH	and	[Ba]	domains.
4.2 | Morphology as a criterion to detect biomorphs 
in the fossil record
4.2.1 | Morphology of solution- grown biomorphs
Many	of	the	diverse	biomorph	shapes	that	we	obtained	in	our	so-
lution	experiments	resemble	shapes	of	modern	micro-	organisms.	
The	 fractal	 growth	 process	 gives	 rise	 to	 biomorphs	 resembling	
common	morphogroups	of	bacteria.	Purely	spheroidal	biomorphs	
(Figure	10a)	can	be	compared	to	the	shapes	of	monococci	bacte-
ria,	whereas	 framboidal	 biomorphs	 (Figure	10c)	 resemble	 for	 in-




crobial	 cells	 in	 clusters	 are	 separated	 by	membranes	 and	walls.	
In	the	Archean	rock	record,	spheroidal	and	clustered	microstruc-
tures	 have	 been	 identified	 in	 the	 Strelley	 Pool	 formation,	 the	
Farrell	Quartzite,	 and	 the	Moodies	Group	 (Figure	10b,e;	 Javaux,	
Marshall,	 &	 Bekker,	 2010;	 Sugitani,	 Grey,	 Nagaoka,	 Mimura,	 &	
Walter,	2009;	Sugitani	et	al.,	2010).	The	curvilinear	growth	pro-
cess	 generates	 biomorphs	 with	 helicoidal	 structures	 such	 as	
braided	 (Figure	10h)	or	cylindrical,	segmented	 (wormlike)	shapes	
(Figure	10f),	which	 can	 be	 compared	 to,	 for	 example,	 the	 stalks	
produced	 by	Mariprofundus ferroxydans	 (Figure	10i,	 Singer	 et	al.,	
2011),	 or	 a	wide	 range	 of	 filamentous	 bacteria	 (e.g.,	Oscillatoria 
princeps).	 In	the	first	case,	there	 is	an	obvious	difference	 in	size.	
In	the	latter	case,	biomorphs	can	usually	be	distinguished	by	their	
shorter	 length	 and	 coiled	 internal	 geometry,	 although	 cyano-




F IGURE  9  (a,	b)	Optical	micrographs	(transmission	mode,	scalebars	200	μm)	of	the	particles	observed	at	the	surface	of	the	solution	for	an	
initial	Ba	concentration	of	1.25	mmol/L	and	an	initial	pH	of	10.64.	(a)	picture	taken	after	4	hr.	(b)	picture	taken	after	26	hr.	Arrow	1:	Involuted	
sheets.	Arrow	2:	Flat	sheets.	Arrow	3:	Framboidal	biomorphs	[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]





Lepot,	 &	 Takeuchi,	 2013;	 Sugitani	 et	al.,	 2009,	 2010)	 have	 no	
morphological	 equivalents	 among	 the	 biomorphs	 grown	 in	 this	
study. This confirms the often discussed difficulty of distinguish-










a	 single	 constant	 synthesis	 condition,	 biomorphs	 with	 a	 range	 of	
smoothly	varying	morphologies	can	be	observed.	For	example,	at	a	
given	time	in	a	single	starting	solution,	biomorphs	that	were	formed	
through	 fractal	 growth	 can	 range	 from	 dendritic	 shapes	 to	multi-








spheroidal	 shapes	 and	 sizes	 (~10	μm)	 similar	 to	 some	 biomorphs.	



























4.3 | Size as a criterion to detect biomorphs in the 
fossil record
4.3.1 | Size of solution- grown biomorphs
The	 size	 range	 (from	 a	 few	μm to a few tens of μm)	 displayed	 by	
biomorphs	grown	in	solutions	in	the	upper-	pH	domains,	noted	2	and	
3	in	Figure	6,	lies	within	the	range	of	prokaryotic	sizes.	At	lower	pH	
values	 (domain	 noted	 1	 in	 Figure	6),	 fractal-	type	 biomorphs	 often	
grow	to	several	hundreds	of	micrometers	in	diameter,	which	is	one	
or	two	orders	of	magnitude	larger	than	individual	modern	prokary-
otes. Only very few strains of modern bacteria reach these sizes. 




it is concluded that the absolute size of individual microstructures 
does	not	represent	a	robust	criterion	for	biogenicity	of	microstruc-
tures	in	the	Archean	rock	record.
4.3.2 | Distribution of sizes in populations of gel- 
grown biomorphs
In	 contrast	 to	 sizes	 of	 individual	 biomorphs	 or	micro-	organisms,	
the	 frequency	 distribution	 of	 sizes	 of	 biomorph/micro-	organism	
in	a	sample,	a	thin	section	or	a	picture,	is	a	powerful	descriptor	of	
an	 assemblage.	 As	 automated	 size	measurement	 protocols	 have	
been	developed	(using	Elastic	Light	Scattering	or	Epifluorescence	
Microscopy	 data),	 the	 size	 distribution	 of	 single	 strain	 unicellu-
lar	 bacterial	 populations	 could	 be	 studied	more	 effectively	 than	
before	 (Harvey	 &	 Marr,	 1966;	 Katz	 et	al.,	 2003;	 Uysal,	 2001).	
According	 to	 these	 studies,	 bacteria	 as	 diverse	 as	 Escherichia 
coli,	Synechococcus	 spp.,	Pseudomonas aeruginosa,	Staphylococcus 
aureus or Bacillus subtilis	 all	 display	 unimodal,	 slightly	 positively	
skewed	 distributions.	 Using	 pictures	 of	 Synechocystis	 spp.	 (PCC	
6803)	 cultures	 taken	 in	 optical	microscopy	 (bright	 field	 or	DIC),	
we	 also	 found	 this	 kind	 of	 distribution	 (Figure	8b).	 This	 is	 in	 ac-
cordance	with	early	mathematical	models	which	took	into	account	
a	binary	division,	a	Gaussian	distribution	of	sizes	of	cells	entering	




usually	 composed	 of	 several	 strains,	 and	 their	 size	 distributions	
are	thus	expected	to	be	plurimodal.	However,	in	the	Precambrian	
micropaleontological	 record,	 unimodal	 distributions	 are	 also	 re-
ported	(Butterfield	&	Chandler,	1992;	Sugitani	et	al.,	2013;	Wacey	
et	al.,	2011).	This	can	be	ascribed	to	three	potential	factors:	(i)	mi-









section	 3.4)	 using	 the	 Average/Standard	 deviation	 ratios	 (here-
after noted A/SD).	 This	 ratio	 was	 found	 to	 be	 lower	 for	 silica-	
witherite	 biomorphs	 and	 for	 abiotic	 spherulites	 from	 the	 Gwna	
group	 (Wacey	et	al.,	2011)	 than	 for	bacteria	 (0.8	 for	 the	spheru-
lites,	 between	 1.7	 and	 2.7	 for	 biomorphs,	 4.9	 for	 bacteria).	 In	
Schopf,	 Kudryavtsev,	 Sugitani,	 and	Walter	 (2010)	 and	 in	Wacey	









Butterfield	 &	 Chandler,	 1992;	 Wacey	 et	al.,	 2011)	 display	 high	
A/SD	values	similar	to	the	value	of	the	Synechocystis	population	
(between	 4	 and	 5),	 which	 indicates	 that	 these	 populations	 may	
represent	 single	 strain	 microbial	 cells.	 In	 contrast,	 a	 population	








4.4 | Spatial gradients displayed by gel- 
grown biomorphs
In	 silica	 gel	 experiments,	 the	 diffusion	 process	 results	 in	 a	 con-
tinuous	change	 in	 size,	 in	density	and	morphology	of	biomorphs	
(see	picture	1	and	section	3.4)	observable	on	a	short	spatial	scale,	
a	 type	of	spatial	gradient	which	 is	not	observed	 in	biological	as-
semblages.	 In	 the	geological	 record,	 the	presence	of	 this	kind	of	
gradient	within	cherts	would	provide	a	strong	 indication	 that:	 (i)	
the	structures	are	abiotic,	and	(ii)	that	the	precursor	of	the	deposit	
had	a	viscosity	high	enough	to	allow	slow	diffusion	processes.








vent	 systems	or	 subaerial	 geothermal	 springs.	 In	our	experiments,	
fractal	growth	can	occur	over	a	wide	range	of	conditions,	at	pH	val-




of	 modern	 seawater	 ([Ba]	=	0.15	μmol/kg,	 Herzig	 &	 Hannington,	
2006),	 and	 modern	 hydrothermal	 fluids	 ([Ba]	=	1.3–54	μmol/kg,	




































Lide,	 1947).	 Therefore,	 in	 silica-	rich	 alkaline	 solutions,	 strontium	
should	precipitate	 in	 the	 form	of	strontianite-	silica	biomorphs	and	
calcium	should	precipitate	in	the	form	of	aragonite-	silica	biomorphs.	
Our	 experiments	 allow	 for	 the	 first	 time	 to	 limit	 the	 geochemi-
cal	 conditions	under	which	carbonate-	silica	biomorphs	 could	have	
formed in surface environments of the early Earth.
5  | CONCLUSION
The	 experimental	 study	of	 the	 silica-	witherite	 biomorph	 system	at	
ambient	conditions	demonstrates	the	extensive	range	of	biomimetic	
morphologies	 that	 can	 be	 formed	 in	 this	 simple	 and	 abiogenic	




tion	and	pH,	which	 influences	 the	speciation	of	dissolved	CO2 and 
SiO2	and	therefore	the	mineral	saturation	indexes,	have	a	strong	ef-
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